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Abstract
Background
It is anticipated that current and future preventive therapies will likely be more effective in
the early stages of dementia, when everyday functioning is not affected. Accordingly the
early identification of people at risk is particularly important. In most cases, when subjects
visit an expert and are examined using neuropsychological tests, the disease has already
been developed. Contrary to this cognitive games are played by healthy, well functioning el-
derly people, subjects who should be monitored for early signs. Further advantages of cog-
nitive games are their accessibility and their cost-effectiveness.
Purpose
The aim of the investigation was to show that computer games can help to identify those
who are at risk. In order to validate games analysis was completed which measured the cor-
relations between results of the 'Find the Pairs' memory game and the volumes of the tem-
poral brain regions previously found to be good predictors of later cognitive decline.
Participants and Methods
34 healthy elderly subjects were enrolled in the study. The volume of the cerebral structures
was measured by MRI. Cortical reconstruction and volumetric segmentation were per-
formed by Freesurfer.
Results
There was a correlation between the number of attempts and the time required to complete
the memory game and the volume of the entorhinal cortex, the temporal pole, and the hippo-
campus. There was also a correlation between the results of the Paired Associates Learn-
ing (PAL) test and the memory game.
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Conclusions
The results gathered support the initial hypothesis that healthy elderly subjects achieving
lower scores in the memory game have increased level of atrophy in the temporal brain
structures and showed a decreased performance in the PAL test. Based on these results it
can be concluded that memory games may be useful in early screening for
cognitive decline.
Introduction
It is well documented that an aging society is a general tendency in Europe as well as in the
United States (USA). The number of people belonging to the population aged 65 or over has
tripled in the last 50 years and this tendency is expected to continue in the next 50 years [1].
Dementia is more frequent among women, some form of dementia occurs in 11% of men and
16% of women over the age of 71. Data on the prevalence of dementia are varying but studies
are consistent in indicating the increasing prevalence of the disease in older age. About one
third of people above 85 years of age are affected [1]. The health care of patients poses an in-
creasingly more serious social and financial burden in an aging society. Total payments for
health care, long-term care, and hospices for people with Alzheimer Dementia (AD) and other
dementias in the USA are forecasted to increase from $203 billion in 2013 to $1.2 trillion in
2050 (in 2013 dollars) [1].
Since there is no effective treatment for dementia, the early detection of symptoms and the
identification of methods for slowing the progression of the disease have been the main focus
of medical research on the subject in recent years. The transitory condition between physiologi-
cal aging and dementia known as ‘mild cognitive impairment’ (MCI) has gained a significant
focus of interest. In MCI mild impairment of cognitive skills can be revealed by neuropsycho-
logical tests [2], while global cognitive functions and everyday activities are preserved. The clin-
ical significance of the pre-disease conditions is based on the increased conversion rate of
affected patients compared to the average. While dementia occurs annually in 1–4% of average
elderly population, this rate is 10–15% in case of MCI [3,4]. However the process which later
leads to dementia is started even before the symptoms of MCI. In view of the above it is under-
standable that several studies target the symptoms and differences from the average population
that are closely linked to the development of dementia and can therefore be used to assist the
early diagnosis.
At present cerebral imaging methods, especially MR imaging of the temporal brain regions
and neuropsychological tests are considered to be the most sensitive tools for the early detec-
tion of risk [5]. In the latter case literature emphasizes the importance of the tests assessing vi-
suospatial memory targeting the most frequent type of dementia, Alzheimer’s disease [6,7].
This is consistent with the fact that the neuropathological changes in Alzheimer’s dementia
start in the entorhinal cortex and in the hippocampus years before the occurrence of clinical
symptoms, and then they spread to further parts of the brain [8]. Hippocampus is the area
where information on space and objects converges [9,10], therefore its functioning in visuospa-
tial memory is crucial.
Long term follow-up studies suggest that subjects who achieved worse results in visuospatial
memory tests such as the Paired Associates Learning (PAL) test compared to peer groups had a
higher risk of developing dementia in later life [6]. Literature supports the importance of risk
population screening, demonstrating that treatment, specifically cognitive training, started in
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pre-dementia stage prolongs the duration of this stage and subsequently the duration of inde-
pendent living [11]. Several studies showed that cognitive training can produce moderate to
large beneficial effects on memory related outcomes [12,13], enhance cognitive control [14]
and reduce the risk of dementia [15] based on the brain plasticity [16,17]. However, it is impor-
tant to note that screening for dementia and for MCI may have some negative effects, such as
the risk of misdiagnoses due to the limited accuracy of the screening instrument, and the result-
ing stress caused by false positive diagnoses [17–19]. Therefore it is always important to em-
phasize toward participants in such programs, that the result of the screening is not equal to
the clinical diagnosis, it is rather a recommendation to seek further professional help, and that
it may be prudent to undergo detailed neuropsychological testing and neuroimaging.
The difficulty of screening arises from the fact that these neuropsychological tests (the base
of diagnosis) were developed for clinical use. Therefore they are available only for a limited
number of patients, since their application requires the active participation of an expert. Con-
trary to this, cognitive games provided by web pages dedicated to maintain and improve mental
functions are accessible for a wider range of the population. The games on these web pages can
entertain a participant, many of them have concurrently demonstrated a benefit on the devel-
opment of various cognitive domains, therefore on maintaining mental wellbeing [20,21]. The
widespread availability of these games and the fact that they don’t require extensive expertise
can make them suitable for fulfilling the screening function [22]. Another issue with clinical
neuropsychological testing is that in most cases, when subjects visit a psychologist or a psychia-
trist, the symptoms of the cognitive decline are manifest and interfere with everyday function-
ing, i.e. the dementia has already developed. Unlike neuropsychological tests, cognitive games
are played by healthy, well functioning elderly people, subjects who should be monitored for
early signs. Additionally the games can be played regularly, daily or weekly, which make them
a repetitive measurement, and thus ideal for screening.
In this study, the intention was to analyze the suitability of similar computer games in the
detection of preclinical signs of later cognitive decline. The major cause of dementia is Alzhei-
mer’s disease, where the visuospatial memory is the earliest function affected [6,7]. Therefore
for the purpose of this study the well-known ‘Find the Pairs’memory game (computer version)
was chosen, since this game assesses this memory function. Based on the results of previous
longitudinal follow-up studies it is understood that the volume of the hippocampus and the re-
lated structures, such as the volume of the temporal lobes, and the entorhinal cortex are the
best predictors of cognitive decline and the later conversion to dementia [23–25]. Therefore
the primary endpoint of the present investigation was to show correlation between the volumes
of these Central Nervous System (CNS) structures and the results of the memory game. Since
neuropsychological measures as the PAL test are also good predictors of pathological cognitive
decline of elderly people, our secondary endpoint was to show correlations between this neuro-
psychological measure and the memory game.
Methods
We followed the guidance of the STARDdem initiative to improve clarity when reporting our
methods and results [26].
Ethics statement
The experiments were conducted in full compliance with the Helsinki Declaration and all rele-
vant national and international ethical guidelines. The research was approved by the National
Ethics Committee, Budapest, Hungary. All procedures were carried out only after written in-
formed consent was obtained from the participants. All potential participants who declined to
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participate or otherwise did not participate were not disadvantaged in any way by not partici-
pating in the study.
Participants
Subjects were examined in the Department of Psychiatry and Psychotherapy, Semmelweis Uni-
versity, Budapest. Altogether 34 healthy subjects (between 50 and 80 years of age, Mean = 68,
SD = 7.9, 73.5% females) were included in this study. All participants had applied to participate
in a cognitive training program announced among general practitioners and in a Retirement
Home (The study is registered at ClinicalTrials.gov, identifier is 'NCT02310620'). All subjects
were able to lead independent lives. Basic demographic and neuropsychological data are sum-
marized in Table 1.
Subjects with dementia were excluded from the study according to the Mini Mental State
Examination (MMSE) scores standardized for age and education [27]. The exact cutoff scores
for the MMSE in the different age and education groups are provided in Table 2.
Subjects with mild cognitive impairment (n = 12, between 58 and 95 years of age, Mean =
76.1, SD = 11.4, 50% females) based on the Petersen criteria [2] were also excluded from the
main correlational analyses, however they were also tested with the same neuropsychological
battery (see results in Table 1), and within the framework of a pilot study their memory game
results were compared with the healthy control group. The Petersen criteria include subjective
memory complaint corroborated by an informant together with preserved everyday activities,
a memory impairment based on a standard neuropsychological test, preserved global cognitive
functions and finally the exclusion of dementia. It does not specify a neuropsychological test
for the assessment of memory impairments, therefore we applied the Rey Auditory Verbal
Learning Test (RAVLT), which is the most frequently used test based on the literature [5]. For
Table 1. Results of the neuropsychological tests and correlations with the results of the memory game.
MCI (n = 12) HC (n = 34) Healthy Subjects: Correlations with the memory game results
Mean (Std) Mean (Std) Trials needed to Complete Time needed to Complete
Pearson partial correlation
R [95% CI]
p value Pearson partial correlation
R [95% CI]
p value
Geriatric Depression Scale 3.2 (2.8) 4.9 (4.2) 0.15 [-0.21 0.47] 0.41 0.33 [-0.03 0.60] 0.07
Spielberger Trait-State Anxiety Inventory 30.6 (5.8) 38.6 (11.1) 0.26 [-0.10 0.55] 0.16 0.25 [-0.11 0.55] 0.17
Mini Mental State Examination 27.7 (1.3) 28.4 (1.1) 0.07 [-0.28 0.41] 0.68 -0.15 [-0.47 0.21] 0.41
Addenbrooke's Cognitive Examination (ACE) 80.0 (6.6) 91.0 (4.3) -0.23 [-0.54 0.13] 0.20 -0.50 [-0.72 -0.17] 0.004
ACE: anterograde memory subscore 19.5 (4.3) 24.8 (2.6) -0.38 [-0.64 -0.04] 0.03 -0.29 [-0.58 0.07] 0.11
Trail Making Test part A: Time 70.5 (28.3) 55.1 (23.2) 0.13 [-0.23 0.46] 0.48 0.30 [-0.06 0.58] 0.1
Trail Making Test part B: Time 174.2 (60.2) 122 (76.3) 0.30 [-0.06 0.59] 0.09 0.30 [-0.05 0.59] 0.09
Rey Auditory Verbal Test: Sum of Items 1–5 27.6 (5.8) 48.9 (8.0) -0.09 [-0.42 0.27] 0.63 -0.50 [-0.72 -0.17] 0.004
Rey Auditory Verbal Test: Delayed Retrieval 2.4 (2.0) 10.3 (2.7) -0.02 [-0.36 0.34] 0.93 -0.22 [-0.52 0.15] 0.23
doi:10.1371/journal.pone.0117918.t001
Table 2. Mini Mental Examination Test (MMSE): cut-off scores for dementia.
Education Groups Age groups 50–54 55–59 60–64 65–69 70–74 75–79 80–84 85 +
5–8 years Cutoff score 23 23 23 23 23 21 21 17
9–12 years or high school diploma Cutoff score 25 25 25 25 24 24 21 21
College experience or higher degree Cutoff score 27 27 27 27 25 25 25 24
doi:10.1371/journal.pone.0117918.t002
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the differentiation between MCI and healthy controls we applied a cutoff score of 1 SD under
population mean standardized for age and gender. If a given subject scored under this cutoff
value either in the total score or in the delayed recall subscore, he or she was put into the MCI
group. These criteria are based on the recommendations of the National Institute on Aging—
Alzheimer’s Association workgroups on diagnostic guidelines for Alzheimer's disease [12]. The
exact cutoff scores for the RAVLT in the different age groups are provided in Table 3.
Subjects with history of head trauma, epilepsy or stroke, or diagnosis of acute psychiatric
disorder, schizophrenia or mania were excluded from the study.
MR Image Acquisition and Processing
All patients underwent a routine brain MR examination, including high resolution anatomical
images, which were used for further analysis. Image acquisitions were done at the MR Research
Center, Semmelweis University, Budapest on a 3 Tesla Philips Achieva clinical MRI scanner
equipped with an 8-channel SENSE head-coil. The high resolution, whole brain anatomical im-
ages were obtained using a T1 weighted 3 dimensional spoiled gradient echo (T1W 3D TFE)
sequence. 180 contiguous slices were acquired from each subject with the following imaging
parameters: TR = 9.7 ms; TE = 4.6 ms; flip angle = 8°; FOV of 240 mm×240 mm; voxel size of
1.0×1.0×1.0 mm.
Cortical reconstruction and volumetric segmentation were performed by Freesurfer 5.3
image analysis suite, which is documented and freely available for download online (http://
surfer.nmr.mgh.harvard.edu/). The technical details of these procedures are described in prior
publications, we made no changes to this pipeline. Briefly, image processing includes motion
correction [28], removal of non-brain tissue using a hybrid watershed/surface deformation
procedure [29], automated Talairach transformation, segmentation of the subcortical white
matter and deep gray matter volumetric structures (including hippocampus, amygdala, cau-
date, putamen, ventricles) [30] intensity normalization, tessellation of the gray matter white
matter boundary, automated topology correction, and surface deformation following intensity
gradients to optimally place the gray/white and gray/cerebrospinal fluid borders at the location
where the greatest shift in intensity defines the transition to the other tissue class [31,32]. Once
the cortical models were completed, Freesurfer performed a number of deformable procedures
for in further data processing and analysis. Steps included surface inflation [33], registration to
a spherical atlas which utilized individual cortical folding patterns to match cortical geometry
across subjects [34], parcellation of the cerebral cortex into units based on gyral and sulcal
structure [30], and creation of a variety of surface based data including maps of curvature and
sulcal depth. Segmentation and cortical models were checked and corrected manually on each
subject, however correction showed no significant changes to the results.
Table 3. Rey Auditory Verbal Learning Test (RAVLT): normative data and cut-off scores for Mild
Cognitive Impairment (MCI).
Age group 50–59 60–69 70+
Total score (sum of trials 1–5) Mean (SD) 47.6 (8.1) 43.4 (7.7) 37.1 (7.5)
Cutoff score 39 35 29
Delayed Recall Mean (SD) 9.9 (3.2) 8.8 (3.0) 7.0 (2.4)
Cutoff score 6 5 4
doi:10.1371/journal.pone.0117918.t003
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Procedures
The neuropsychological examinations were completed between 8 a.m. and 4 p.m. on weekdays.
The examinations consisted of paper based and computerized neuropsychological tests (i.e.
PAL test) and computer games. The tests took place in a separate well-lit room where only the
patient and an examiner were present. Reference tests were also completed and evaluated ac-
cording to the recommendations of the Neuropsychological Compendium [35], while the com-
puterized tests and games were evaluated by the software. Instructions to the computer games
were given by the examiner before playing.
Neuropsychological tests were administered by two previously trained medical students
under the supervision of a psychologist and a psychiatrist. During the assessment of the tests
the guidelines of the Neuropsychological Compendium [35] were followed. The paper based
tests were evaluated by the same psychologist and a psychiatrist according to the compendium.
The PAL test and the memory game were evaluated automatically by software. MR data were
also analyzed and evaluated automatically by the Freesurfer and SAS software; therefore no
subjective judgments were involved in the analysis of neuroimaging data. Since the assessment
and evaluation of the memory game, the PAL test, and neuroimaging data were totally auto-
matic, the bias from human judgments were low (limited only to the evaluation of the paper
based tests).
Subjects with dementia were excluded from the study based on the Mini Mental State Exam-
ination (MMSE). The MMSE is a standard test; its effectiveness was proven by several studies,
as a useful method in differentiating between subjects with dementia and healthy controls
[5,36]. The majority of the previous studies used the cut off score of 26 for dementia. The sub-
tasks of the test assess orientation, central executive function, rapid association formation, ver-
bal identification ability and the ability to analyze and synthesize.
The Addenbrooke’s Cognitive Examination (ACE) was used to assess the global cognitive
performance, including orientation, attention, memory, verbal fluency, verbal and visuospatial
skills [37,38].
The Rey Auditory Verbal Learning Test (RAVLT) was used for the detailed assessment of
memory functions based on Petersen criteria. Rey test evaluates verbal learning and memory
[39]. A list of 15 words (list A) should be repeated by the subject immediately. This test is re-
peated 5 times. Then another list of 15 words (list B or interference list) is presented once that
should be recalled. Then list A should be recalled without repeating, and then this task is re-
peated after 30 minutes.
The Trail Making test, Part A and Part B (number connection) [38,40,41] is used to evaluate
selective attention, cognitive flexibility and executive functions. In Part A, randomly distribut-
ed numbers should be connected in numerical order, while in Part B randomly distributed
numbers and letters are displayed. The subject is instructed to connect them in a pre-defined
order. The time required to complete the test is the dependent variable. Part A of TMT mea-
sures attention and executive functions, while Part B is also affected by cognitive flexibility.
The results of the neuropsychological tests are summarized in Table 1.
All subjects completed a form in which they evaluated their own memory function and
health condition; furthermore, they had to report on their recreational activities, computer and
internet use, dietary habits, alcohol consumption and smoking. The Geriatric Depression Scale
(GDS) was used to identify depressive symptoms [42]. Symptoms of anxiety was measured by
the Spielberger Trait-State Anxiety Inventory (STAI) [43].
During the computerized tests and games subjects were seated comfortably at a distance of
half a meter from the computer screen and following prior information they solved the tasks
with the use of a mouse.
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Visuospatial memory was measured by an implementation of the PAL test used in several
neuropsychological test batteries [44]. In the PAL test windows open up in random positions
on the screen after each other for 3 seconds with abstract shapes shown in one or more win-
dows. Other windows remain blank depending on the difficulty level. When all squares were
shown, the previously shown shapes appear in the centre of the screen and the participants
have to decide in which window they saw that shape before. The test consist of five different
levels in eight stages in total, the number of shapes increases from 1 to 8 on the different stages.
The subjects had 10 trials to complete a given stage, otherwise the test ended. The arrangement
of windows was asymmetrical in the test and it changed from stage to stage. [44]
The ‘Find the Pairs’memory game requiring mainly visuospatial memory was selected from
a set of computer games developed in the framework of the ‘M3W’ project (http://www.m3w-
project.eu), dedicated to maintaining and measuring mental wellness among elderly people. In
the beginning of the game, cards are laid face down. Two cards can be flipped face up in each
turn by clicking on them. If the shapes (pictures) on the cards match, they disappear. The task
is to clear all the cards from the table by finding the pairs. First there was a tutorial run on a
table of 3x4 cards, afterwards participants had to complete a practice run on a table with 3x6
cards, and finally the measurement was done on a table of 4x6 cards. The position of the cards
was the same for all participants. The time and clicks needed to complete the game was re-
corded and evaluated as part of the analysis.
Statistical Analysis
Correlations between the results of the memory game and the size of the temporal structures
were analyzed by General Linear Model Analysis (GLM in SAS 9.2) with age, gender and Total
Intracranial Volume (TIV) as covariates, and are given in terms of partial correlation R. In the
correlation analysis of the results of the memory game and the result of the neuropsychological
test only age and gender were the covariates. Correlations with the number of stages completed
in the PAL test were analyzed by Spearman Correlation, since the distribution of this variable
deviated largely from the normal distribution. In order to quantify uncertainty for the correla-
tional analyses we calculated the 95% confidence intervals.
In case of the PAL test we used the adjusted number of total trials, instead of the raw total
trials since this measure takes into account that several subjects failed to complete all the stages
of the test and thus have fewer opportunity to make errors. In order to calculate the adjusted
measure we added the maximum score of 10 trials for each stage not attempted due to an earli-
er failure to the raw total trials.
This was a prospective study, since data collection was planned before the tests were per-
formed, and the correlational analyses were planned before starting the study.
Results
Correlations between Temporal Structures and the Memory Game
The number of trials to complete the memory game correlated with the volume of the hippo-
campus (R = -0.4, 95%CL = [-0.65 -0.04], n = 34, p = 0.03) (Fig. 1), the volume of the entorhi-
nal cortex (R = -0.41, 95%CL = [-0.66 -0.05], n = 34, p = 0.02), and the volume of the temporal
pole (R = -0.44, 95%CL = [-0.68 -0.09], n = 34, p = 0.01). Furthermore the time to complete the
game correlated with the volume of the hippocampus (R = -0.54, 95%CL = [-0.75 -0.22], n =
34, p = 0.002) (Fig. 1), the volume of the entorhinal cortex (R = -0.42, 95%CL = [-0.67 -0.07],
n = 34, p = 0.02), and the volume of the temporal pole (R = -0.54, 95%CL = [-0.75 -0.22], n =
34, p = 0.002).
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Fig 1. Correlations between the volume of the hippocampus, the volume of the entorhinal cortex, and the results of the memory game.Results of
the memory game were assessed by the time needed to complete the game (panels on the left) and the trials or clicks needed to find a pair of shapes or
pictures (panels on the right). Two upper panels: Volume of the Entorhinal Cortex. Two lower panels: Volume of the Hippocampus. Volumes are predicted
from the General Linear Model analysis.
doi:10.1371/journal.pone.0117918.g001
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Correlations between Other CNS Structures and the Memory Game
There were no correlations between the number of trials and time needed to complete the
memory game and the TIV, the Total Cortex Volume, and the amount of the Cerebrospinal
Fluid (p>0.05). Analyses were corrected for age and gender.
Correlations between Neuropsychological Tests, Clinical measures and
the Memory Game
The adjusted number of total trials (R = 0.4, 95%CL = [0.05 0.66] n = 33, p = 0.03), the number
of patterns correctly located after first trial (R = -0.42, 95%CL = [-0.67 -0.07] n = 33, p = 0.02),
and the number of stages completed (Spearman R = -0.47, 95%CL = [-0.70 -0.13] n = 33, p =
0.008) in the PAL test correlated with the time needed to complete the memory game. There
were correlations between the adjusted number of total trials (R = 0.37, 95%CL = [0.01 0.63],
n = 33, p = 0.04), the number of stages completed (Spearman R = -0.39, 95%CL = [-0.65 -0.04],
n = 33, p = 0.03) in the PAL test and the number of trials to complete the memory game. The
number of patterns correctly located after first trial in the PAL test did not correlate with total
number of trials to complete the memory game (R = -0.25, 95%CL = [-0.54 0.12], n = 33, p =
0.18). All analyses corrected for age and gender. The raw number of total trials in the PAL test
did not correlate with the results of the memory game (p>0.05).
The time needed to complete the Trail Making test part A and B did not correlate with the
results of the memory game (p>0.05). Results of the memory game did not correlate with the
GDS and the STAI scores (p>0.05).
The ACE and the RAVLT total scores correlated with the time needed to complete the
memory game, while the anterograde memory subscore of the ACE correlated with the trials
needed to complete the memory game. The MMSE score and the delayed retrieval subscore of
the RAVLT did not correlate with the memory game results (Table 1).
Results from a pilot study: Differences between subjects with MCI and
healthy controls in the memory game
Differences between study groups were analyzed by logistic regression (PROC LOGISTIC in
SAS) with study group as response variable. Memory game results served as predictor variables
in two separate analyses with age, and gender as covariates. We chose logistic regression, since
it is an effective statistical method to compare the results of relative small study groups with at
least 10 subjects in the smaller group, which is a rule of thumb in logistic regression according
to the literature [45]. Healthy controls needed less trials (Chi-Square = 6; n = 46, p = 0.02,
Odds Ratio = 2.9, 95% CI = 1.2–7.9, Sensitivity = 83%, Specificity = 62%, Cut-off = 4.5 trials/
picture), and less time (Chi-Square = 6,2; n = 46, p = 0.01, Odds Ratio = 1.2, 95% CI = 1.1–1.5,
Sensitivity = 82%, Specificity = 67%, Cut-off = 250sec) to complete the memory game than sub-
jects with MCI. None of the covariates reached statistical significance (p>0.05).
Discussion
Currently known preventive therapies and therapies to be introduced in the near future will
likely be more effective in the early stage of dementia, when everyday functioning is not affect-
ed, i.e. when neuron loss is minimal [6,11]. Accordingly the identification of people forming a
risk group with respect to later dementia may be particularly important.
Several recent studies have demonstrated that the volume of the temporal lobe structures
such as the hippocampus can differentiate between healthy subjects, patients with MCI and pa-
tients with Alzheimer’s disease [46,47]. In addition, more and more studies have demonstrated
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that volumes of temporal structures predict the later development of Alzheimer’s disease in
healthy subjects [48] and patients with MCI [49], in other words these brain volumes can iden-
tify subjects at risk before everyday functioning would be affected. In the present study the se-
lection of the hippocampus, the entorhinal cortex and the temporal pole for validation was
primarily based on the above evidence gathered during long-term follow-up investigations
such as the Alzheimer's Disease Neuroimaging Initiative (ADNI) [23]. In addition to the
above, multiple studies have underlined the importance of the entorhinal cortex in prediction
of developing dementia in healthy subjects, and patients with MCI [47,48]. Furthermore the
possibility of developing dementia later was significantly higher among those elderly persons
whose decreased metabolism in entorhinal cortex was observed by FDG-PET imaging based
on the data of a 3-year-long follow-up study including 48 persons [50].
Results from the primary correlational analysis involving healthy
subjects
The aim of the investigation was to show that widely used computer games can help to identify
subjects at risk. In order to show this, analysis was conducted of the correlations between the
results of the 'Find the Pairs' game and the volumes of those CNS structures previously found
to be good predictors of later cognitive decline. The study found that subjects with smaller en-
torhinal cortex, temporal pole and hippocampus volumes needed more trials and more time to
complete the memory game (Fig. 1). Thus, the results support the initial hypothesis that
healthy individuals achieving worse results in the memory game have increased level of atrophy
in the predefined brain structures by structural MRI. Additionally the study found no correla-
tion between the results of the memory game and the total intracranial volume, the total cortex
volume, and the amount of the cerebrospinal fluid, which shows the specificity of the above
correlations. In other words this verifies that the above correlations are not due to general atro-
phy rather a consequence of a more specific process starting in the temporal regions.
In addition to brain imaging technologies, the predictive strength of neuropsychological
tests has also been demonstrated by several studies [5,6]. In the present study the PAL Test was
included to assess associative learning between visual stimuli and different spatial locations
[44]. The effectiveness and predictive strength of this test in the early diagnosis of dementia
was shown by several follow-up studies [6,7]. We found that the subjects who completed the
memory game faster, and from fewer trials, could competed more stages and more patterns
from first trial, and needed less trials in the PAL test. The results of the Trail Making Test part
A and B, assessing mainly selective attention and executive functions respectively, did not cor-
relate with the game results, which indicate that decreased performance in the memory game is
not part of a general cognitive slowing.
Furthermore it was found that better results in the memory game are also associated with
the higher ACE total scores and anterograde memory subscores. Previous investigations
showed that the ACE is a useful tool to predict later conversion to dementia [51]. The MMSE
was used for the assessment of global cognitive functions and the RAVLT was used for the de-
tailed investigation of the short term memory. Since exclusion of subjects with MCI and de-
mentia was based on these tests, no correlation was expected with the results of memory game
in these tests due to the small variance in the healthy subject group. Despite the low variance
the results indicate that higher RAVLT total scores were associated with better results in the
memory game. No correlation was found between the results of STAI and GDS and the results
of the memory game indicating that decreased performance was not caused by anxiety
or depression.
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Differences between subjects with MCI and healthy controls in the
memory game
A significant difference was found between the study groups in the trials needed to complete
the memory game showing that it can differentiate between subjects with MCI and healthy
controls with a moderate sensitivity (>80%) and a low specificity (>60%). A limitation of this
finding is the low number of subjects in the MCI groups.
Conclusions
In summary the results support the initial hypothesis that healthy elderly subjects achieving
worse results in the memory game have increased level of atrophy in the temporal brain struc-
tures and showed a decreased performance in the PAL test, in the ACE, and in the RAVLT,
which were previously extensively validated and considered to be sensitive tools in dementia
prediction. Furthermore subjects with MCI achieved significantly worse in the memory game
compared to healthy controls. Based on these results it can be concluded that memory games
such as the 'Find the Pairs' game may be useful in detecting the early signs of cognitive decline.
However, the evidence gathered in the present investigation is indirect, since the study was
cross-sectional, and hippocampus is a promising, but only surrogate biomarker, therefore our
results should be confirmed by long term follow-up studies in the future. For the same reason
test-retest reliability of the memory game cannot be reported. A further limitation of this inves-
tigation was the relative small sample size.
Compared with MRI and neuropsychological testing, the benefits of computer games are
their accessibility, their cost-effectiveness, and the involvement of healthy subjects, or subjects
with MCI. Furthermore cognitive games can be played at home, where anxiety caused by the
clinical environment is not present and does not reduce performance. However their lower
sensitivity and specificity are definite drawbacks. Therefore they can be used to give feedbacks
to the players, and may give a hint to them that it might be useful to seek professional help.
This may help people to seek help in the beginning of the cognitive decline far earlier than they
currently do. It must be emphasized toward the users, that these computer games are not ap-
propriate for diagnosing and therefore they cannot replace the detailed neuropsychological in-
vestigation in clinical practice. However the findings of this study support the idea that such
games can help people at risk to seek professional help in time.
Supporting Information
S1 Table. Raw data in excel format.
(XLSX)
Author Contributions
Conceived and designed the experiments: GCS ES ÁSZ ÉCS PS ZH. Performed the experi-
ments: VK BSZ ZSF ÁSZ ES CSM. Analyzed the data: GCS ÁSZ VM PH. Contributed re-
agents/materials/analysis tools: GCS ÁSZ VM PH. Wrote the paper: GCS ES ÁSZ ÉCS PS
CSM.
References
1. Thies W, Bleiler L (2013) 2013 Alzheimer's disease facts and figures. Alzheimers Dement 9: 208–245.
S1552-5260(13)00076-9 [pii]; doi: 10.1016/j.jalz.2013.02.003 PMID: 23507120
2. Petersen RC (2004) Mild cognitive impairment as a diagnostic entity. J Intern Med 256: 183–194.
JIM1388 [pii]. doi: 10.1111/j.1365-2796.2004.01388.x PMID: 15324362
Monitoring the Signs of Cognitive Decline by Computer Games: MRI Study
PLOS ONE | DOI:10.1371/journal.pone.0117918 February 23, 2015 11 / 14
3. Petersen RC, Stevens JC, Ganguli M, Tangalos EG, Cummings JL et al. (2001) Practice parameter:
early detection of dementia: mild cognitive impairment (an evidence-based review). Report of the Quali-
ty Standards Subcommittee of the American Academy of Neurology. Neurology 56: 1133–1142.
PMID: 11342677
4. Bischkopf J, Busse A, Angermeyer MC (2002) Mild cognitive impairment—a review of prevalence, inci-
dence and outcome according to current approaches. Acta Psychiatr Scand 106: 403–414. 1r417 [pii].
PMID: 12392483
5. Gomar JJ, Bobes-Bascaran MT, Conejero-Goldberg C, Davies P, Goldberg TE (2011) Utility of combi-
nations of biomarkers, cognitive markers, and risk factors to predict conversion frommild cognitive im-
pairment to Alzheimer disease in patients in the Alzheimer's disease neuroimaging initiative. Arch Gen
Psychiatry 68: 961–969. 68/9/961 [pii]; doi: 10.1001/archgenpsychiatry.2011.96 PMID: 21893661
6. Blackwell AD, Sahakian BJ, Vesey R, Semple JM, Robbins TW et al. (2004) Detecting dementia: novel
neuropsychological markers of preclinical Alzheimer's disease. Dement Geriatr Cogn Disord 17: 42–
48. 74081 [pii]. doi: 10.1159/000074081 PMID: 14560064
7. de RM, Pironti VA, McCabe JA, Acosta-Cabronero J, Arana FS et al. (2011) Hippocampal dysfunction
in patients with mild cognitive impairment: a functional neuroimaging study of a visuospatial paired as-
sociates learning task. Neuropsychologia 49: 2060–2070. S0028-3932(11)00183-7 [pii]; doi: 10.1016/
j.neuropsychologia.2011.03.037 PMID: 21477602
8. Braak H, Braak E (1991) Neuropathological stageing of Alzheimer-related changes. Acta Neuropathol
82: 239–259. PMID: 1759558
9. Jones EG, Powell TP (1970) An anatomical study of converging sensory pathways within the cerebral
cortex of the monkey. Brain 93: 793–820. PMID: 4992433
10. Maguire EA, Frith CD, Burgess N, Donnett JG, O'Keefe J (1998) Knowing where things are parahippo-
campal involvement in encoding object locations in virtual large-scale space. J Cogn Neurosci 10: 61–
76. PMID: 9526083
11. Budd D, Burns LC, Guo Z, L'italien G, Lapuerta P (2011) Impact of early intervention and disease modi-
fication in patients with predementia Alzheimer's disease: a Markov model simulation. Clinicoecon Out-
comes Res 3: 189–195. ceor-3-189 [pii]. doi: 10.2147/CEOR.S22265 PMID: 22046104
12. Albert MS, DeKosky ST, Dickson D, Dubois B, Feldman HH et al. (2011) The diagnosis of mild cognitive
impairment due to Alzheimer's disease: recommendations from the National Institute on Aging-Alzhei-
mer's Association workgroups on diagnostic guidelines for Alzheimer's disease. Alzheimers Dement 7:
270–279. S1552–5260(11)00104-X [pii]; doi: 10.1016/j.jalz.2011.03.008 PMID: 21514249
13. Gates NJ, Sachdev PS, Fiatarone Singh MA, Valenzuela M (2011) Cognitive and memory training in
adults at risk of dementia: a systematic review. BMCGeriatr 11: 55. 1471-2318-11-55 [pii]; doi: 10.
1186/1471-2318-11-55 PMID: 21942932
14. Anguera JA, Boccanfuso J, Rintoul JL, Al-Hashimi O, Faraji F et al. (2013) Video game training en-
hances cognitive control in older adults. Nature 501: 97–101. nature12486 [pii]; doi: 10.1038/
nature12486 PMID: 24005416
15. Verghese J, Lipton RB, Katz MJ, Hall CB, Derby CA et al. (2003) Leisure activities and the risk of de-
mentia in the elderly. N Engl J Med 348: 2508–2516. 348/25/2508 [pii]. doi: 10.1056/NEJMoa022252
PMID: 12815136
16. Klingberg T (2010) Training and plasticity of working memory. Trends Cogn Sci 14: 317–324. S1364-
6613(10)00093-8 [pii]; doi: 10.1016/j.tics.2010.05.002 PMID: 20630350
17. Smith GE, Housen P, Yaffe K, Ruff R, Kennison RF et al. (2009) A cognitive training program based on
principles of brain plasticity: results from the Improvement in Memory with Plasticity-based Adaptive
Cognitive Training (IMPACT) study. J AmGeriatr Soc 57: 594–603. JGS2167 [pii]; doi: 10.1111/j.1532-
5415.2008.02167.x PMID: 19220558
18. Ashford JW, Borson S, O'Hara R, Dash P, Frank L et al. (2007) Should older adults be screened for de-
mentia? It is important to screen for evidence of dementia! Alzheimers Dement 3: 75–80. S1552-5260
(07)00027-1 [pii]; doi: 10.1016/j.jalz.2007.03.005 PMID: 19595920
19. Lin JS, O'Connor E, Rossom RC, Perdue LA, Eckstrom E (2013) Screening for cognitive impairment in
older adults: A systematic review for the U.S. Preventive Services Task Force. Ann Intern Med 159:
601–612. 1760977 [pii]; doi: 10.7326/0003-4819-159-9-201311050-00730 PMID: 24145578
20. Anguera JA, Boccanfuso J, Rintoul JL, Al-Hashimi O, Faraji F et al. (2013) Video game training en-
hances cognitive control in older adults. Nature 501: 97–101. nature12486 [pii]; doi: 10.1038/
nature12486 PMID: 24005416
21. Huckans M, Hutson L, Twamley E, Jak A, Kaye J et al. (2013) Efficacy of Cognitive Rehabilitation Ther-
apies for Mild Cognitive Impairment (MCI) in Older Adults: Working Toward a Theoretical Model and Ev-
idence-Based Interventions. Neuropsychol Rev 23: 63–80. doi: 10.1007/s11065-013-9230-9 PMID:
23471631
Monitoring the Signs of Cognitive Decline by Computer Games: MRI Study
PLOS ONE | DOI:10.1371/journal.pone.0117918 February 23, 2015 12 / 14
22. Rosen AC, Sugiura L, Kramer JH, Whitfield-Gabrieli S, Gabrieli JD (2011) Cognitive training changes
hippocampal function in mild cognitive impairment: a pilot study. J Alzheimers Dis 26 Suppl 3: 349–
357. X083W76454777605 [pii]; doi: 10.3233/JAD-2011-0009 PMID: 21971474
23. Chiang GC, Insel PS, Tosun D, Schuff N, Truran-Sacrey D et al. (2011) Identifying cognitively healthy
elderly individuals with subsequent memory decline by using automated MR temporoparietal volumes.
Radiology 259: 844–851. radiol.11101637 [pii]; doi: 10.1148/radiol.11101637 PMID: 21467255
24. Nettiksimmons J, Harvey D, Brewer J, Carmichael O, DeCarli C et al. (2010) Subtypes based on cere-
brospinal fluid and magnetic resonance imaging markers in normal elderly predict cognitive decline.
Neurobiol Aging 31: 1419–1428. S0197-4580(10)00200-9 [pii]; doi: 10.1016/j.neurobiolaging.2010.04.
025 PMID: 20542598
25. Murphy EA, Holland D, Donohue M, McEvoy LK, Hagler DJ Jr, et al. (2010) Six-month atrophy in MTL
structures is associated with subsequent memory decline in elderly controls. Neuroimage 53: 1310–
1317. S1053-8119(10)00967-5 [pii]; doi: 10.1016/j.neuroimage.2010.07.016 PMID: 20633660
26. Noel-Storr AH, McCleery JM, Richard E, Ritchie CW, Flicker L et al. (2014) Reporting standards for
studies of diagnostic test accuracy in dementia: The STARDdem Initiative. Neurology 83: 364–373.
WNL.0000000000000621 [pii]; doi: 10.1212/WNL.0000000000000621 PMID: 24944261
27. Mini Mental State Examination (MMSE). (2006) In: Strauss E, Sherman E, Spreen O, editors. Compen-
dium of Neuropsychological tests. Oxford University Press. pp. 168–188. doi: 10.1016/j.etap.2006.08.
005 PMID: 18392205
28. Reuter M, Rosas HD, Fischl B (2010) Highly accurate inverse consistent registration: a robust ap-
proach. Neuroimage 53: 1181–1196. S1053-8119(10)00971-7 [pii]; doi: 10.1016/j.neuroimage.2010.
07.020 PMID: 20637289
29. Segonne F, Dale AM, Busa E, Glessner M, Salat D et al. (2004) A hybrid approach to the skull stripping
problem in MRI. Neuroimage 22: 1060–1075. S1053811904001880 [pii]. doi: 10.1016/j.neuroimage.
2004.03.032 PMID: 15219578
30. Fischl B, Salat DH, van der Kouwe AJ, Makris N, Segonne F et al. (2004) Sequence-independent seg-
mentation of magnetic resonance images. Neuroimage 23 Suppl 1: S69–S84. S1053-8119(04)00381-
7 [pii]; doi: 10.1016/j.neuroimage.2004.07.016 PMID: 15501102
31. Dale AM, Fischl B, Sereno MI (1999) Cortical surface-based analysis. I. Segmentation and surface re-
construction. Neuroimage 9: 179–194. S1053-8119(98)90395-0 [pii]; doi: 10.1006/nimg.1998.0395
PMID: 9931268
32. Fischl B, Dale AM (2000) Measuring the thickness of the human cerebral cortex frommagnetic reso-
nance images. Proc Natl Acad Sci U S A 97: 11050–11055. 200033797 [pii]. doi: 10.1073/pnas.
200033797 PMID: 10984517
33. Fischl B, Sereno MI, Dale AM (1999) Cortical surface-based analysis. II: Inflation, flattening, and a sur-
face-based coordinate system. Neuroimage 9: 195–207. S1053-8119(98)90396-2 [pii]; doi: 10.1006/
nimg.1998.0396.
34. Fischl B, Sereno MI, Tootell RB, Dale AM (1999) High-resolution intersubject averaging and a coordi-
nate system for the cortical surface. Hum Brain Mapp 8: 272–284. 2–4 [pii]. doi: 10.1002/(SICI)1097-
0193(1999)8:4<272::AID-HBM10>3.0.CO PMID: 10619420
35. (2006) A Compendium of neuropsychological tests. Oxford University Press. PMID: 25590126
36. Petersen RC, Smith GE, Waring SC, Ivnik RJ, Tangalos EG et al. (1999) Mild cognitive impairment:
clinical characterization and outcome. Arch Neurol 56: 303–308. PMID: 10190820
37. Mathuranath PS, Nestor PJ, Berrios GE, RakowiczW, Hodges JR (2000) A brief cognitive test battery
to differentiate Alzheimer's disease and frontotemporal dementia. Neurology 55: 1613–1620. PMID:
11113213
38. Alexopoulos P, Ebert A, Richter-Schmidinger T, Scholl E, Natale B et al. (2010) Validation of the Ger-
man revised Addenbrooke's cognitive examination for detecting mild cognitive impairment, mild demen-
tia in alzheimer's disease and frontotemporal lobar degeneration. Dement Geriatr Cogn Disord 29:
448–456. 000312685 [pii]; doi: 10.1159/000312685 PMID: 20502019
39. Rey A (1958) L'examen clinique en psychologie. Paris: Presses universitaires de France. PMID:
25077210
40. Tombaugh TN (2004) Trail Making Test A and B: normative data stratified by age and education. Arch
Clin Neuropsychol 19: 203–214. S0887617703000398 [pii]. doi: 10.1016/S0887-6177(03)00039-8
PMID: 15010086
41. REITAN RM (1955) The relation of the trail making test to organic brain damage. J Consult Psychol 19:
393–394. PMID: 13263471
42. Yesavage JA (1988) Geriatric Depression Scale. Psychopharmacol Bull 24: 709–711. PMID: 3249773
Monitoring the Signs of Cognitive Decline by Computer Games: MRI Study
PLOS ONE | DOI:10.1371/journal.pone.0117918 February 23, 2015 13 / 14
43. Spielberger CD, Gorsuch R, Lushene R (1970) Manual for the State-Trait Anxiety Inventory. Palo Alto:
Consulting Psychologist Press. PMID: 25077213
44. Siraly E, Szita B, Kovacs V, Csibri E, Hidasi Z et al. (2013) [Differentiation between mild cognitive im-
pairment and healthy elderly population using neuropsychological tests]. Neuropsychopharmacol
Hung 15: 139–146. PMID: 24108178
45. Peduzzi P, Concato J, Kemper E, Holford TR, Feinstein AR (1996) A simulation study of the number of
events per variable in logistic regression analysis. J Clin Epidemiol 49: 1373–1379. S0895-4356(96)
00236-3 [pii]. PMID: 8970487
46. McEvoy LK, Fennema-Notestine C, Roddey JC, Hagler DJ Jr, Holland D, et al. (2009) Alzheimer dis-
ease: quantitative structural neuroimaging for detection and prediction of clinical and structural changes
in mild cognitive impairment. Radiology 251: 195–205. 2511080924 [pii]; doi: 10.1148/radiol.
2511080924 PMID: 19201945
47. Desikan RS, Cabral HJ, Hess CP, Dillon WP, Glastonbury CM et al. (2009) Automated MRI measures
identify individuals with mild cognitive impairment and Alzheimer's disease. Brain 132: 2048–2057.
awp123 [pii]; doi: 10.1093/brain/awp123 PMID: 19460794
48. Killiany RJ, Gomez-Isla T, Moss M, Kikinis R, Sandor T et al. (2000) Use of structural magnetic reso-
nance imaging to predict who will get Alzheimer's disease. Ann Neurol 47: 430–439. PMID: 10762153
49. Bakkour A, Morris JC, Dickerson BC (2009) The cortical signature of prodromal AD: regional thinning
predicts mild AD dementia. Neurology 72: 1048–1055. 01.wnl.0000340981.97664.2f [pii]; doi: 10.
1212/01.wnl.0000340981.97664.2f PMID: 19109536
50. de Leon MJ, Convit A, Wolf OT, Tarshish CY, DeSanti S et al. (2001) Prediction of cognitive decline in
normal elderly subjects with 2-[(18)F]fluoro-2-deoxy-D-glucose/poitron-emission tomography (FDG/
PET). Proc Natl Acad Sci U S A 98: 10966–10971. 191044198 [pii]. doi: 10.1073/pnas.191044198
PMID: 11526211
51. Lonie JA, Parra-Rodriguez MA, Tierney KM, Herrmann LL, Donaghey C et al. (2010) Predicting out-
come in mild cognitive impairment: 4-year follow-up study. Br J Psychiatry 197: 135–140. 197/2/135
[pii]; doi: 10.1192/bjp.bp.110.077958 PMID: 20679266
Monitoring the Signs of Cognitive Decline by Computer Games: MRI Study
PLOS ONE | DOI:10.1371/journal.pone.0117918 February 23, 2015 14 / 14
